D ust in enclosed livestock housing has direct damaging effects on operators and animals health (Donham et al., 1984; Fedds et al., 1997) . Odor and microbes attach to respirable dust. Seno (1992) reported that the density of the microbes attached to respirable dust (number of colony farming unit per unit dust weight) in an enclosed broiler house was larger than that in other agricultural facilities due to higher dust concentration in an enclosed broiler house.
Dust concentration and distribution are said to be affected by the ventilation system, animal activity, bedding, feeding, and method of waste disposal. Among these elements the distribution of dust concentration is affected significantly by the ventilation system. Particles less than 5 µm in diameter, called passive contaminants, are transported together with airflow. Breum et al. (1990) reported that dust concentration of upward airflow in a swine house was lower than that of downward airflow. Klooster et al. (1993) reported that a ventilation system with air ducts and low exhaust had dust concentrations 50% lower than that of a traditional baffle inlets at the side wall and high outlet-exhaust ventilation system. Therefore, it is very important to study the relationship between ventilation system and distribution of dust concentration.
Uniform parameter that considers space distribution properties is needed to evaluate distribution properties of dust concentration. Because the distribution pattern of usual ventilation efficiency is affected by the shape of ventilated space, the location of generated contaminant, etc.
In the present study, an enclosed layer house with a ceiling slot inlet and an outlet on the side wall was selected as the target house. The objective of the study was to evaluate differences in distribution properties of dust by ventilation efficiency according to differences in: (1) location of outlet; (2) incoming jet direction by model experiments; and (3) to compare dust distribution with air flow obtained in a previous study (Ikeguchi et al., 1996) . Another aim is to propose desirable incoming jet direction and outlet location.
VENTILATION EFFICIENCY
Three parameters were used to evaluate ventilation efficiencies. The first, dimensionless concentration (DC(X)) describes local ventilation efficiency (Ikeguchi and Nara, 1992) and expressed as:
where DC(X) = dimensionless concentration at X(x, y, z) C X (X) = number concentration at X(x, y, z) (particles m -3 ) C S = number concentration for a space with complete mixing (particles m -3 ) X = position vector
At a certain point, a DC(X) larger than 1.0 means that air is not exchanged thoroughly at that point, while a DC(X) less than 1.0 indicates a thorough exchange of air. Two additional parameters proposed by Murakami and Kato (1986) were the space averaged value of contaminant concentration, SAVC, and the average diffusion radius of contaminant dispersion, ADRCD, in a room. They used the moment of distribution of concentration as a method of numerically expressing the concentration distribution. This method can quantitatively indicate distribution properties of ventilation efficiency for the whole ventilated space with a low order moment of distribution function. They performed a Fourier transform for the distribution of concentration function, C X (X), and adopted the following low-order moment.
Zero-order moment:
where V(X) is the volume of ventilation space (m 3 ). A first-order moment corresponds to the position of the center of gravity in concentration.
SAVC is defined by normalizing the zero-order moment, C 0 , with the concentration assuming complete mixing: SAVC is related to an average dust residual time. In other words, it expresses the time required for the contaminant to be exhausted from generating. Values of SAVC greater than 1.0 indicate that the quantity of contaminant accumulated is larger than that of complete mixing. Conversely, an accumulated quantity is smaller than that of complete mixing when values of SAVC are less than 1.0. Therefore, SAVC expresses the release efficiency. Accordingly a larger value of SAVC means that exhausting efficiency of contaminant is not good. Depending on the location of contaminant generation and the ventilation system, space averaged values of concentration may be larger than the concentration of complete mixing (C S ).
ADRCD is defined by normalizing the square root of the second moment of concentration distribution by the space averaged value of concentration: ADRCD has a dimension of length and corresponds to an average diffusion radius of the contaminant. ADRCD evaluates the diffusion of contaminants in a room, thus a larger value of this parameter indicates a wide diffusion of the contaminant. The specific calculation procedure is described later.
EXPERIMENTAL PROCEDURE

SIMILARITY
In the present study a one-eighth scale model of the prototype layer house was used. With regard to the flow field, Reynolds number (Re) was used as a dimensionless number. It was assumed that airflow and particle generation were at steady state and isothermal. Re was 1.73 × 10 4 in the present study. The ratio of gravitational settling velocity to incoming jet velocity was used as a dimensionless parameter, with respect to dust diffusion, and was obtained by making equation of diffusion dimensionless using the representative length, L, and jet velocity, U (Murakami et al., 1989) .
where V S = gravitational settling velocity in the Stokes (Re < 1.0) (m s -1 ) ρ p = particle density (kg m -3 ) d = particle diameter (m) g = acceleration due to gravity (m s -2 ) η = viscosity of air (Pa s) U = incoming jet velocity (m s -1 ) C c = Cunningham correction factor, for 2 µm, C c = 1.08, for 10 µm, C c = 1.02 m = model p = prototype In the present study, the scale factors (ξ) obtained from Re and equation 6 are described as:
where L = length, and V = velocity. The incoming jet velocity was 1.5 m s -1 and the air change rate was 43 h -1 in the prototype. The aerodynamic diameters were classified into three ranges in the present study. Range 1 was less than 2 µm. The most of dust particles in livestock house exist in this range. Range 2 was greater than or equal to 2 µm and less than 5 µm. The particles less than 5 µm in diameter are passive contaminant and respirable dust. Range 3 was greater than or equal to 5 µm and less than 10 µm. The particles in this range are affected by gravity. The ratio of gravitational settling velocity to incoming jet velocity for 2, 5 and 10 µm particles were 8.67 × 10 -5 , 5.18 × 10 -4 and 2.04 × 10 -3 m s -1 , respectively. The relationship between
the aerodynamic diameter in the prototype and that in the model was calculated from equation 7 and Re similarity. The 2, 5, and 10 µm aerodynamic particle diameters in the prototype corresponded to 5.78, 14.3, and 28.4 µm particle in the model respectively.
SCALE MODEL AND EQUIPMENT
Location of inlet, dust generation pipes, and a plan view of the scale model are shown in figure 1. There were four rows and five deck cages. The experimental equipment and elevation view of the model and the measured points are illustrated in figure 2. Two dampers (inner damper and outer damper) at the inlet were operated separately, causing two jets by the inlets. The damper angles were defined as shown in figure 3 . The outlets not in use were closed. The outside frame of cage was made by steel pipe whose diameter was 13 mm. It was assumed that the birds represented a solid airflow obstruction. The bodies were modeled as three-dimensional solid blocks whose size was 6.25 cm × 1.58 cm × 125.0 cm (Woerley and Manbeck, 1995) (fig. 4) . The experiments conducted are shown in table 1. The experimental factors were damper angle and outlet location.
Dry and expanded plastic (expancel, Nobel Industries, Model 551D) was used as dust. The particle size distribution less than 30 µm in aerodynamic diameter was measured by aerodynamic particle sizer (TSI, Inc., Model 390041). The particles less than 2 µm, 5 µm, 10 µm, and 20 µm were 71.5%, 96.8%, 99.8%, and 99.9% of the total number of particles, respectively. The dust was generated through the steal pipes ( fig. 1 ) from a fluidized bed dust generator (Kanomax Japan, Inc., Model 3211). The generated concentration of particles in Range 1 was 9.97 × 10 7 particles m -3 , in Range 2 was 1.66 × 10 6 , and in Range 3 was 9.36 × 10 3 particles m -3 . These values were chosen because of limitation of experimental equipments. The average generated air velocity with particles was 0.07 m s -1 in prototype. This velocity seems to not affect airflow in the room. Dust concentration was measured by aerodynamic particle sizer whose sampling flow rate was one litter per min. Flexible tygon tube whose length was 0.6 m and the diameter was 8 mm was used as the sampling tube. Murakami et al. (1989) reported that this material of tube had the best transportation rate of particles among plastic tubes. The sampling tube made as short as possible in order to prevent particles in Range 1 and 2 from settling in the tube and was inserted from the ceiling to measured point with support. The measurement for each point was performed for 30 s and replicated three times. The 30 s in the model was corresponding to 1920 s in the prototype. Therefore, this was enough long compared to characteristic time (83 s) in the prototype. The characteristic time of ventilated space is defined by dividing volume by ventilation rate.
Since the shape of inlets and outlets were slots in the direction of depth, it was assumed that airflow in the house was a two-dimensional flow. Furthermore, the symmetric dust distribution and airflow with respect to the center of cross-section was conducted from preparatory experiments. Therefore, measurements were performed as such in figure 1. The measured points of dust concentration, air velocity and the cells to calculate SAVC and ADRCD are given in figure 2. Table 2 shows SAVC and ADRCD results for each range of aerodynamic diameter and the average kinetic energy (E) and turbulent energy (k) for each test. Both E and k were measured by two-dimensional hot wire anemometer in previous work (Ikeguchi et al., 1996) . It is necessary to see the information of flow field because dust distribution property is strongly affected by flow field. The aerodynamic diameters below were scaled up to the prototype scale. E was within the range of 5.10 × 10 -5 to 1.88 × 10 -2 m 2 s -2 , and the maximum value was seen when the outlet was down and damper angle was 60˚-60˚.
RESULTS AND DISCUSSION
GENERAL
The range of k was from 2.37 × 10 -5 to 8.31 × 10 -5 m 2 s -2 and the maximum value was seen in the same ventilation method as above (Ikeguchi et al., 1996) .
SAVC
When the aerodynamic diameter was less than 2 µm, SAVC was within the range of 0.68 to 1.52. The values changed by about 2.5 times depending on the ventilation method. The SAVC was influenced significantly (1%) only by the outlet location [F = 20.2 (2, 4) P = 0.008] when the aerodynamic diameter was less than 2 µm. The damper angle did not affect the SAVC. When the position of the outlet was downward, the SAVC had a tendency to be larger. The average SAVC (experiment No. 7-9) was 1.4 when the outlet was located near the floor. This indicates that dust less than 2 µm in aerodynamic diameter was hard to exhaust. With the outlet located near the floor and the damper angles at 60˚-60˚, the SAVC was at the maximum value, and so were with the energies of the flow field. This supports the fact that dust less than 2 µm in aerodynamic diameter was transported by airflow and was diffused to the whole room.
On the other hand, the average SAVC was 0.73 when the outlet was located at the upper side wall. As the SAVC value was less than 1.0, this outlet location provided the best exhausting efficiency among the tests. The SAVC was smallest when the damper angle was 60˚-60˚. It seems that this ventilation method can remove dust better in the present study.
With respect to the other aerodynamic diameters, twoway ANOVA was performed for SAVC of these diameters and the effects of the experimental factors on SAVC showed no significant difference. However, the effect of aerodynamic diameters on SAVC showed significant differences [F = 7.00 (2, 24) P < 0.005]. As the aerodynamic diameter became larger, the SAVC tended to be larger, indicating that the particles of larger aerodynamic diameter had a higher residence time than those of smaller 402 TRANSACTIONS OF THE ASAE Figure 5-Kinetic energy (E) and ADRCD when aerodynamic diameter is greater than or equal to 5 and less than 10 µ µm.
aerodynamic diameter for the present ventilation system. The ANOVA results showed that the distribution of aerosol was different depending on the aerodynamic diameter. The more desirable incoming jet direction and outlet location from above results were the damper angle at 60˚-60˚ and the higher outlet position on the side wall. It is necessary to put outlets a higher position on the side wall for layer houses like the present target layer house.
ADRCD
The average ADRCD among all the tests was about 2 m. This implies that particles diffused within 2 m as the ADRCD shows a magnitude of dust diffusion from the generation point. It is desirable that a ventilation system has smaller ADRCD. Murakami and Kato (1986) reported ADRCD to be about 2.5 m in the conventional flow-type clean room; Ikeguchi (1994) reported that this value of carbon dioxide to be 4.4 m for an enclosed swine farrowing house. ANOVA was performed for ADRCD, and the effects of the experimental factors on ADRCD showed no significant differences.
However, the ADRCD was influenced significantly [F = 7.75 (2, 24) , p < 0.005] by aerodynamic diameter. As the aerodynamic diameter increased, the ADRCD had a tendency to be small. This implies that the particles were not influenced by the flow field because the larger aerodynamic diameter particles are being influenced by gravitational settling. When the aerodynamic diameter was more than 5 µm, ADRCD had a tendency to be large as the energies of flow field were smaller. This is shown in figure 5 . In the case of particles less than 2 µm in aerodynamic diameter, the ADRCD was the maximum for the outlet located near floor and the damper angle was 60˚-60˚. Considering the maximum energies of flow field in this case, the particles seems to be transported by air flow and diffused to the room. Figure 6 shows distribution of DC(X) of particles in Ranges 1 and 2 and two-dimensional airflow vector (Ikeguchi et al., 1996) for each outlet location when the damper angle was 60˚-60˚. The DC(X) distribution of particles greater than or equal to 5 µm were affected by gravitational settling and it did not correspond to that of less than 2 µm. For aerodynamic diameters greater than or equal to 5 µm there was a high concentration region above the cage located near the center path and near the floor as a result of the cage position relation to the dust source.
DISTRIBUTION OF DC(X) AND AIRFLOW
When the aerodynamic diameter was less than 2 µm, there were high concentration regions above the cage located near the side wall. This location indicates a stagnant region of airflow as in figure 6 . It was shown that the dust distribution was affected by airflow.
CONCLUSION
The effect of outlet position on SAVC which describes exhausting efficiency showed significant differences (1%) when the aerodynamic diameter was less than 2 µm. The incoming jet direction did not affect SAVC. When the outlet was located at the highest position on the side wall, the exhausting efficiency was better than for the two other outlet locations. The aerodynamic diameters of particles also affected SAVC significantly (0.5%). When the particles aerodynamic diameter was larger, the exhausting efficiency decreased.
Experimental factors did not have an effect on ADRCD. The effect of aerodynamic diameter of particle on ADRCD showed significant differences (0.5%). The ADRCD was found to decrease as the particles aerodynamic diameter increased, and when the aerodynamic diameter was greater than or equal to 5 and less than 10 µm, the average diffusion radius was 1.83 m.
The combination of damper angle at 60˚-60˚ and the highest outlet position on the side wall was the most desirable combination of ventilation method in the target layer house from the view point of dust exhausting efficiency.
From the DC(X) distribution, it was found that the high dust concentration area existed above the cage located near the center path and near the floor.
